. 1 The epoxidation of oleic acid was carried out by using in situ generated performic acid (HCOOOH) to produce epoxidized oleic acid. Performic acid was formed by mixing formic acid (as oxygen carrier) and hydrogen peroxide (as oxygen donor). The epoxide ring is very reactive, especially in the presence of acidic condition making the epoxide a suitable intermediate for synthesis of other chemicals. The most likely side reaction that occurred in the in situ epoxidation is the reaction of oxirane ring with formic acid, which led to formation of diol and a-glycol as side products. Oxirane cleavage of the epoxide was studied and suggests first order in oxirane concentration and second order with respect to formic acid.
Introduction
Studies pertaining to epoxidation of fatty acids have garnered much interest in the recent years due to the rising demand for eco-friendly epoxides derived from vegetable oils. Epoxide is an important chemical precursor for the production of alcohols, glycols and polymers like polyesters and epoxy resin.
Vegetable oils can be epoxidized, as they mainly consist of unsaturated triglycerides. Produced epoxides are valuable as intermediates for resin, as paint and coating components, and as the plasticizers and stabilizers for poly(vinylchloride). Palm kernel oil-based crude oleic acid was selected as a raw materials since oleic its can categorized as a low value co-product during the production of crude lauric and myristic acid. The epoxidation is carried out by reacting the double bonds of the oil with peroxyacid (generally peroxyacetic or peroxyformic acid) generated in situ by reacting concentrated hydrogen peroxide with formic acid in the presence of a mineral acid as catalyst. A small amount of sulfuric acid is necessary to catalyze the oxidation of the formic acid to the corresponding performic acid.
Epoxy ring-opening also known as epoxide cleavage or epoxide ring degradation occurs in the epoxidation of vegetable oils. It is imperative to minimize the process losses via ring-opening in order to achieve good yields and high peroxide values of the epoxidized vegetable oils. The oxirane ring will react with formic acid during in situ epoxidation, resulting formation of side reaction [1] .
(1) The oxirane rings are highly reactive and susceptible to opening, especially in the presence of acidic conditions due to the fact that the epoxides act as intermediates for synthesis of other chemicals. The cleavage of oxirane rings is most pronounced in the presence of sulphuric acid, followed by formic acid, acetic acid and propionic acid. Acidic conditions promote ringopening by protonation of the epoxide oxygen atoms, which consequently react with different types of nucleophilic reagents via back side attack in order to give anti-orientation type products [1] . Since the epoxidized oil is in cis-configuration, its ring-opening products are in trans-configuration.
Experimental

Materials
Crude oleic acid was purchased from Chung Chemical Sdn. Bhd. Aqueous hydrogen peroxide (30%), formic acid, sulfuric acid, and phosphorus acid were all purchased from Merck Sdn. Bhd without pretreatment.
Methods
Oleic acid, formic acid and sulfuric acid were added into a reactor and temperature was raised until stabilized. The hydrogen peroxide was then added dropwise at room temperature under continuous stirring.
The epoxidation was carried out in a reactor with the capacity of 2 l under agitation constant speed of 300 rpm. Crude oleic acid, formic acid and sulfuric acid as a catalyst were added simultaneously into the reactor. The mixture was stirred continuously at fixed speed and was gradually heated to required temperature and kept at a constant temperature for the selected reaction time. The hydrogen peroxide was then added drop by drop at room temperature under constant stirring. Samples were analyzed by withdrawing approximately 5 ml of reaction mixture every 5 min. The reactor was directly connected to the control panel to control the temperature and agitation speed.
Results and Discussion
Effect of Oxygen Carrier on the Reaction Rate
Two types of oxygen carrier (peracid) investigated were in situ peracetic and performic acids. The in situ peracids were formed following Eqs. (2) and (3) for performic and peracetic acids, respectively [2] .
Their influences on the epoxidation of oleic acid are shown in Fig. 1 . It shall be noted that epoxidation can be carried out using either formic acid or acetic acid [3] . Formic acid (methanoic acid) is the simplest form of carboxylic acid which occurs naturally and is an important chemical intermediate. It can be seen from Fig. 1 that the maximum yield of epoxide was achieved when formic acid was used as the oxygen carrier compared to acetic acid. It is likely that the high epoxide yield obtained was due to the immediate reaction between the performic acid formed with the C=C double bonds in the oleic acid chain as well as minimization of oxirane ring degradation. According to G. Wu et al. [4] formic acid has the ability to minimize oxirane ring-opening by preventing the deprotonation of performic acid. Furthermore, it can be observed that the time taken to produce maximum yield of epoxides was reduced when formic acid was used as the oxygen carrier. Nevertheless, should the in situ performic acid concentration become too high, it will contribute to a strong acidic condition, which causes severe loss of epoxide by ring opening route. In this case, use of inert solvents such as heptanes and toluene was suggested by E. Santacesaria et al. [5] and the addition of acidneutralizing compounds was recommended during the epoxidation process in order to maintain the pH value of 3-6 [6] . Selection of oxygen carrier does not only affect the rate of conversion to oxirane, but also the stability of oxirane produced [2] . 
Kinetic of Oxirane-Ring Opening
It is known that the oxirane rings are very reactive and susceptible to opening, particularly in the presence of acidic conditions. The oxirane cleavage is a complex process. According to B. Lin et al. [7] , it is very likely that the oxirane rings will react with formic acid during in situ epoxidation, resulting in the formation of side products. Hence, this reaction may be regarded as a reasonable representation of the whole side reaction in the absence of a detailed cleavage product analysis. The general rate equation of the oxirane ring process by the action of formic acid is given by Eq. The reaction order with respect to the epoxide is derived from measurements at 298, 318, 328 and 338 K with the epoxide:formic acid molar ratio of 1:10. The values of ln([EpOA] 0 /[EpOA]) versus reaction time of the oxirane ring-opening of epoxidized oleic acid were plotted for each reaction temperature as shown in Fig. 2 . The plots suggested that the reaction mechanism is a pseudofirst-order reaction with respect to the concentration of epoxide. The results agree well with those reported in Ref. [3, 8] , where the cleavage of oxirane rings by formic acid in epoxidized vegetable oils was studied. The ' p k value at 318 K was determined for three concentrations of formic acid in order to obtain the reaction order with respect to the formic acid as shown in Fig. 3 . The value was found to be 1.34·10 
The reaction order with respect to formic acid was obtained from the slope of a plot ln' p k versus ln FA C as presented in Fig. 4 . Therefore, the oxirane ring cleavage reaction is second order with respect to the formic acid concentration and first order with respect to concentration of epoxide as shown in Eq. (7). This result can be used to understand the effect of formic acid concentration on the net yield of epoxides by in situ epoxidation. It is worth to note that performic acid is formed from the reaction between formic acid and hydrogen peroxide and it is a reversible reaction. Hence, an increase in formic concentration will increase the equilibrium concentration of performic acid in the reaction mechanism, which in turn, increases oxirane formation at a rate which is less than that for oxirane cleavage. Thus, the use of higher concentrations of formic acid during in situ epoxidation will certainly decrease the net yield of epoxides [10] . Hence, a low mole ratio of formic acid to oleic acid should be used whenever epoxide derivatives are the desired products. In conclusion, rate equation of the oxirane ring process by the action of formic acid is given by: 
Conclusions
Epoxidized vegetable oils have gained great importance in the recent years due to being derived from renewable and sustainable resources and therefore perceived as environmental friendly. In this study, crude oleic acid derived from palm kernel oil has been epoxidized using in situ formed performic acid (HCOOOH) to produce epoxidized oleic acid. The result of this study shows that the oxirane ring cleavage reaction is second order with respect to the formic acid concentration and first order with respect to concentration of epoxide.
